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Abstract

Drosophila melanogaster employs methyltransferase protein(s) to repair lesions
in alkylated DNA in vitro (Green and Deutsch, 1983). This investigation deals with
the characterization of the methyltransferase protein(s), and their inducibility in the
organism upon exposure to alkylating agents. Ammonium sulfate fractionation of
crude extracts from pupae resulted in the enrichment (approximately 15-fold in both
the 50% and 30% ammonium sulfate supernatants) of the methyltransferase
activity(s). Proteins with molecular weights of 30 Kd and 19 Kd were evident by
SDS-PAGE analysis of crude extracts; the 30 Kd and 19 Kd could be separated in
the 50% ammonium sulfate supernatant and 30% ammonium sulfate supernatant
fractions, respectively. Attempts to purify the protein(s) by a variety of procedures
was unsuccessful, and procedures to induce the activity were initiated.

Ovaries

exposed to alkylating, and other DNA-damaging agents, resulted in the induction of
new proteins, with an overall decrease in the number of constitutively expressed
proteins. The alkylator N-methyl-N’-nitro-N-nitrosoguanidine induced three new
proteins which overlap with the 70 Kd heat shock proteins, and others at 26 Kd and
24 Kd which overlap with the small molecular weight heat shock proteins. Hydrogen
peroxide, 4-NQO, and sodium bisulfite also induce a set of similar proteins. Other
differences between alkylating agents and other DNA-damaging agents are discussed.
The Drosophila MT protein(s) transfer the methyl group to a cysteine residue, which

is demonstrated by the generation of S-methylcysteine as the end product of a MT
reaction. Crude extracts from control, 0.6 pM, and 6.0 pM MNNG-exposed samples
showed cross-reacting material at 30 Kd and 17 Kd, using an antibody directed
toward the MT 19 Kd protein of E. coli, thus demonstrating that the protein is highly
conserved through evolution. These observations indicate that Drosophila repairs
alkyl base modifications from DNA by employing methyltransferase proteins with a
mechanism similar to that in E. coli. However, the Drosophila MT protein scavenges
N7mG and N3mA in addition to OfimG. These observations indicate that Drosophila
repairs alkyl base modifications from DNA by employing methyltransferase proteins
with a mechanism similar to that in Escherichia coli.
H

"X

However, the Drosophila
(\

methyltransferase protein scavenges N mG and N mA in addition to O mG. The
induction of a common set of proteins by DNA-damaging agents or stress suggests
that Drosophila, and perhaps other eucaryotes, possess a DNA damage-inducible
regulon which encodes proteins to counter cell damage.

Introduction

There are numerous avenues in which the genetic material of an organism
can be

altered or changed.

Spontaneous or chemically or physically induced

mutations may change the DNA in such a way as to increase the likelihood of stably
transmitted mutations or cellular death.

Organisms have evolved a number of

systems for repair of damaged genetic material. First, I will describe the more
common DNA lesions and the route by which they are formed. Secondly, I will
describe DNA repair pathways which are active in different organisms. Finally, I will
discuss the rationale for investigating DNA repair in Drosophila.

Formation of DNA Modifications
UV radiation at 254 nm gives rise to cyclobutane-type pyrimidine dimers
between adjacent pyrimidines. In DNA, this four-membered ring is predominantly
found in the cis-syn configuration (Kittler and Lober, 1977) out of a total of 12
possible configurations. The formation of cyclobutane dimers at a given wavelength
is influenced by both the nucleotide composition of the DNA and the flanking bases;
more thymine-thymine (TT) dimers are formed in AT-rich DNA, while more of
cytosine-thymine (CT) dimers are formed in GC-rich DNA. In Escherichia coli, a
2:1 ratio of thymine-thymine (TT) dimers to cytosine-thymine (CT) dimers is evident.
Other photoproducts are formed by a linkage between the 5 -C-6 of thymine and 3 -
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C-4 of cytosine, commonly referred to as the 6-4 or ‘Pyd-C’ lesion, since typically
cytosine is found at the 3’ end and a pyrimidine at the 5’ end (Lippke, et al. 1981).
Irradiation of free bases and nucleotides in solution gives rise to the formation of
pyrimidine adducts such as 5-thyminy1-5,6-dihydro thymine, and addition of water
across the 5,6-double bond gives the corresponding 5,6-dihydro-6-hydroxy pyrimidine.
UV radiation can also lead to DNA-protein crosslinks and DNA-DNA crosslinks.
Ionizing radiation damage to DNA can occur either by direct interaction of
radiation energy with the DNA, and / or by indirect interaction of reactive species
such as ion radicals and free radicals, produced by the ionizing radiation with DNA.
The major radiolysis product also depends upon other factors such as the presence
of oxygen and water (Ward, 1975).

For example, thymine forms hydroperoxy

products in the presence of oxygen and water, whereas irradiation under anoxic
conditions yields dihydrothymine. Other thymine radiation products have also been
detected, such as formylpyruvylurea and hydroxybarbituric acid. Formylpyruvylurea
can undergo further degradation to give N-substituted urea derivatives that remain
attached to deoxyribose residues (Hariharan and Cerutti, 1972). Cytosine is attacked
primarily at the 5,6-double bond. Purines are attacked by hydroxyl free radicals to
give formamidopyrimidine (FaPy) compounds as a result of destruction of the
imidazole ring; for example, adenine yields 4,6-diamino-5-formamidopyrimidine and
guanine yields 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Chetsanga, et al.,
1981).

3

Strand breaks in DNA can also result from direct and indirect effects of
ionizing radiation. About 9 eV of energy is sufficient to break the deoxyribosephosphate backbone(Bonura, et al., 1975; Youngs and Smith, 1976).
DNA damage can also be caused by deamination of nitrogenous bases which
occurs spontaneously in a pH and temperature dependant manner in vitro (Duncan
and Miller, 1980). Deamination of cytosine to uracil is mutagenic and leads to GC
: AT

transitions.

Adenine and guanine deaminate at a much lower rate than

cytosine under physiological conditions (Lindahl, 1979).

Adenine yields

hypoxanthine, which is potentially mutagenic, since it can base pair with cytosine
during DNA replication, resulting in AT : GC transtions. Guanine deaminates to
xanthine and, since xanthine is unable to base pair in a stable manner with either
cytosine or thymine, may result in a block to DNA replication.
Bases can be lost from DNA not only at acid pH, but also at physiological pH
(Lindahl, 1979; Greer and Zamenhof, 1962). Guanine is lost 1.5 times faster than
adenine at acid or neutral pH. It has been estimated that the rate of depurination
of duplex DNA at phsiological pH and ionic strength is 3xl0‘n /s at 37°C, which in
E. coli correlates to the loss of 1 purine per E. coli genome per generation. For
mammalian genomes, estimates of 104 purines spontaneously lost per cell generation
have been made (Lindahl and Nyberg, 1977; Lindahl, 1979). Cytosine and thymine
are lost at 1/2 0 th the rate of purines (Lindahl and Karlstrom, 1973).
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The nucleophilic centers on nitrogenous bases of DNA are subject to attack
by electrophilic agents. Alkylating agents, such as N-methyl
-N’nitro-N-nitrosoguanidine (MNNG) and N-methyl-N-nitroso-urea (MNU) are
strong electrophiles and upon interaction with DNA give rise to N- and O-base
modifications. The ring nitrogens of the nitrogenous bases are more nucleophilic
than ring O-atoms. The phosphodiester backbone is also attacked, resulting in the
formation of phosphotriesters. Other factors also play a role in the degree to which
alkylation occurs. For example, B-DNA gives a greater proportion of N7 and O6
modifications and less N3 modifications, since the N7 and O6 atoms are more
accessible. The sites for nucleophilic attack on the nitrogenous base are N1, N3, N6
and N7 in adenine; N1, N2, N3, N7 and O6 in guanine; N3, N4 and O2 in cytosine; N3,
O2 and O4 in thymine (Lawley, 1966; Singer, 1975; Singer and Kusmierek, 1982).
Bifunctional alkyalting agents, such as mitomycin C, cis-platin, Nitrogen and sulphur
mustards and photoactivated psoralen, form both intra- and inter-strand DNA cross
links. For example, Nitrogen mustards crosslink between the N7 position of guanine
on opposite strands of DNA. Interstrand crosslinks can be blocks to replication and
hence lethal. For this reason these agents find use as chemotherapeutic agents.
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Pathways of DNA Repair
UV Damage :
Cyclobutane dimers can be removed by several activities or mechanisms.
One of the simplest is by enzymatic photoreactivation (Rupert and Harm, 1966;
Sutherland, 1977). This process requires light at >300 nm and the photoreactivating
enzyme (PRE). PRE is widely distributed from bacteria to man, and has been
characterized in Escherichia coli, Streptomyces griseus, Saccharomyces cerevisiae and
human cells. (For review see Sancar and Sancar, 1988). The PRE from S. griseus
shows an absorbance maximum at 445 nm and possesses a flavin moiety
(chromophore) which must be bound to the enzyme for PRE activity to be detected
(Eker, 1980, 1981). A chromophore associated with one preparation of the yeast
enzyme is also a flavin moiety (Iwatsuki, et al., 1980).

The PRE from E. coli

contains a low molecular weight RNA component that can be readily dissociated
from the apoprotein by dialysis or heat treatment (Sutherland, et al., 1973). A
chromophore, however, has not been identified for this enzyme. The PRE from
Drosophila has been purified from tissue culture cells (Beck and Sutherland, 1979).
The enzyme requires an RNA cofactor and exhibits reaction conditions similar to
that in E. coli (Beck, 1982). A mutant allele, phr, has been characterized and the
homozygous phr strain is totally deficient for photorepair and partially deficient in
excision repair (Boyd and Harris, 1987).
Another means of repairing cyclobutane dimers involves both pyrimidine
dimer DNA glycosylase and AP endonuclease activities. These highly specific
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monomeric proteins have been identified in Micrococus lutues (Haseltine, et al. 1980;
Grafstrom, et al., 1982) and T4 phage-infected E. coli (Radnay and Friedberg, 1980;
Nakabeppu and Sekiguchi, 1981). Both enzymes specifically cleave the 5’-N-glycosyl
bond of the pyrimidine dimer and then cleave the phospodiester bond at the
resulting apyrimidinic site to give a 3’-OH & 5’-P termini.
An enzyme capable of removing cyclobutane dimers, as well as other bulky
DNA adducts, is the uvrABC endonuclease. The mechanism of repair by the
uvrABC endonuclease is as follows : uvrA associates with uvrB as an A2B1 complex
in the presence of ATP, and binds to DNA at a cyclobutane dimer. uvrC then binds
to this complex resulting in cleavage of the phosphodiester backbone at the 8‘h
residue upstream and the 4 or 5,h residue downstream of the adduct. The uvrD
protein, which is a helicase, then removes the oligomer containing the lesion, and
along with DNA polymerase I and DNA ligase fills the gap and seals the nicks.
The uvrABC endonuclease also repairs bulky-adducts such as cis-platin, mitomycin
C, 4-NQO etc.. Thus the enzyme seems to recognize gross helical deformations in
damaged DNA, such as kinks, rather than specific types of base damage (Marini,
et al., 1982).
The uvrA,B,C genes are part of a group of genes in E. coli which are induced
when the cell is overwhelmed by DNA damage. Under these conditions the recA
protein promotes the specific cleavage of the lexA repressor protein as part of the
SOS response. When lexA is cleaved, it loses its affinity for binding to the operator
sites of damage-inducible genes, thus allowing gene expression until the stimulus is

7

removed. Other genes that are part of this inducible response in E. coli are sulA
and sulB (cell division), uvrD, umuCD (mutagenic bypass mechanism), and a number
of din (damage inducible) genes of unknown function. Hence the SOS response
increases cell survival by inducing excision repair (uvrA, uvrB, uvrD), recombination
(recA, N, Q, rev, uvrD), and mutagenic (umuCD, recA) repair mechanisms. Once the
activating signal, which remains unknown, disappears, digestion of lexA is decreased
and so it once again can repress the expression of damage inducible genes to the
constitutive level. A similar regulon comprising multiple genes responding to and
controlled by a single repressor, has not been identified in eucaryotes (Robinson, et
al., 1986).

Oxidative damage:
It has only recently been appreciated that intermediates of oxygen metabolism
are damaging to DNA.

The most well known oxidative damaging agent is the

hydroxyl radical along with superoxide anion, hydrogen peroxide and singlet oxygen.
Two enzymes, catalase and superoxide dismutase, which protect the cells from
oxidative damage are found in both procaryote and eucaryote cells.
In procaryotes, such as E. coli, these two enzymes are induced by shifts from
anaerobic to aerobic environments (Hassan and Fridovich, 1978), and by exposure
to hydrogen peroxide (Demple and Halbrook, 1983). Exposure of S. typhimurium
to a variety of oxidizing agents at concentrations between 5-10000 ug/ml results in
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the generation of adenylated nucleotides such as AppppA, AppppG, ApppA, etc.
(Bochner, et al. 1984). These dinucleotides, so-called "alarmones", may serve as
stress-signals to the cell and result in the induction of enzymes required for coping
with the damage to DNA (Christman, et al. 1985).
If E. coli cells are exposed to 0.06 mM hydrogen peroxide for 1 hour, they
became resistant to killing when challenged with a dose of 10 mM hydrogen
peroxide. Further, this response is not seen in the presence of chloramphenicol,
suggesting that protein synthesis is required, and it is independent of ada, lexA, and
recA genes (Demple and Halbrook, 1983). Exposure of S. typhimurium to hydrogen
peroxide leads to the induction of 30 new proteins. Nine of these proteins are
overexpressed in an oxyR mutant upon exposure to hydrogen peroxide. Four of
these proteins have been identified as catalase/peroxidase, Mn2+ superoxide
dismutase, glutathione reductase and NAD(P)H-dependent alkyl hydroperoxide
reductase. There is also a two fold increase in the expression of glucose 6-phosphate
dehydrogenase. The molecular mechanism of induction of these proteins is not
known.

OxyR is a positive regulator for the induction of these proteins since

deletions in the oxyR locus are recessive and uninducible by hydrogen peroxide.
Further, the oxyR mutant is more resistant to heat than wild type organisms and
constitutively overexpesses three heat shock proteins (Morgan, et al., 1980;
Christman, et al., 1985). Recently it has been demonstrated that endonuclease IV
(nfo) in E. coli is induced by superoxide generating oxidants, but not by hydrogen
peroxide, and is not affected by the oxyR mutations (Chan and Weiss, 1987).
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Alkylation Repair
Alkylating agents are a group of electrophilic agents which have been shown
to act directly on cellular macromolecules such as DNA. For example, N-methylN’-nitro-N-nitrosoguanidine (MNNG) and N-methyl-N-nitosourea (MNU) react with
N- and O-atoms of the nitrogenous bases in the DNA molecule to give N- and Osubstituted methyl adducts (Lawley and Thatcher, 1970). The phosphodiester
backbone is also attacked to give the phosphotriester. The major base modifications
in alkylated DNA are N7methylGuanine (N7mG), 0 6methylGuanine (OfimG), and
N3methyladenine (N3mA). OfimG is potentially mutagenic since it can anomalously
base-pair with thymine, and upon subsequent DNA replication, result in G:C to A:T
transition mutations (Loveless, 1969). An additional contribution to mutagenicity
may be the probable stabilization of the OfimG adduct in the enol form, as opposed
to the more usual keto form.
Both procaryotes and eucaryotes possess proteins which repair alkylated
lesions in the genome.

In E. coli, N-alkyl modifications such as N7mG, N3mG,

N3mA, and N1mA are repaired by DNA glycosylases which hydrolyze the bond
between the nitrogen atom of the base and carbon atom of the deoxyribose, resulting
in the loss of the modified base and the resulting formation of an AP (Apurinic or
Apyrimidinic) site in the DNA. DNA glycosylases involved in alkylation repair are
either specific for the particular base modification or have a broad substrate
specificity. For example, 3-methyl Adenine DNA glycosylase I releases only N3mA
(Riazuddin and Lindahl, 1978), whereas 3-methylAdenine II (see below) recognizes
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N3mG, N3mA, 0 2mT, 0 2mC and, albeit less effectively, N7mG (Karran, et al., 1980;
Thomas, et al., 1982). To complete the repair process, the AP site, which by itself
is mutagenic (Schaaper and Loeb, 1981; Kunkel, 1984) is repaired by enzymes, AP
endonucleases, which cleave the phosphodiester bond at the AP site in a specific
manner (Mosbaugh and Linn, 1980) and in concert with other enzymes such as
exonucleases, DNA polymerase and DNA ligase, fill in the gap and seal the nick.
OfimG is repaired by a unique mechanism which involves the direct transfer of the
methyl group from the O6 position of guanine to a protein moiety (Olsson and
Lindahl, 1980).
Continuous exposure of E. coli cells to sublethal levels of an alkylating agent
induce the de novo synthesis of at least two DNA repair enzymes that protect these
cells against the mutagenic (O6 methylguanine methyltransferase), and killing effects
(3-methyladenine and other N-glycosylases), upon challenge with a lethal dose of the
alkylating agent. This pathway, the adaptive response (Samson and Cairns 1977),
results in the formation of roughly 3000 - 10000 methyltransferase molecules / cell
upon induction by alkylating agents from an uninduced state of approximately 20
methyltransferase molecules.
The methyltransferase (MT) enzyme has been purified to homogeneity and
was originally described as a single polypeptide chain with a molecular weight of 19
Kd (but see later). The protein is fairly heat-stable, under reducing conditions, with
a half-life of 45 min at 95°C. The MT protein is also capable of scavenging the
methyl group from 0 4mT, in which methyl groups from OfimG and Q4mT are
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transferred to a single cysteine residue (cys-69), out of a total of six in the protein,
resulting in inactivation of the protein (Demple, et al., 1982). Thus the amount of
methyl-groups removed from the DNA is stoichiometric to the amount of MT
enzyme in the reaction. The MT activity does not exhibit any requirements for small
molecular weight cofactors. NaCl at > 50 mM has an inhibitory effect. Further, the
MT reaction occurs very rapidly at 37°C with a second order rate constant of > 108
M’1 s’1.
Two E. coli mutants deficient in the OfimG DNA MT show decreased reaction
kinetics in vitro (Demple, 1986). The product of the ada3 allele scavenges 0 6mG
at a 20-fold lower rate, whereas the product of the ada5 allele is 3000 times slower
at scavenging the 0 6mG from alkylated DNA, as compared to the wild type ada
gene product. Other O-alkyl modifications such as Oz-methyl pyrimidines and Nalkyl modifications such as N7mG, N3mA are not repaired by the MT enzyme. In E.
coli these lesions are repaired by DNA N-glycosylases (Lindahl, 1982). The
nature of the substrate greatly influences the extent of repair of OfimG in DNA.
OfimG in double stranded DNA is repaired very efficiently while repair of single
stranded DNA is ~ 103 fold slower (Lindahl, et al., 1982). The repair rate for
synthetic oligonucleotide substrates containing OfimG increases 50-fold when the
length of the polymer is increased from a tetranucleotide to a dodecamer (Dolan,
et al.,1988). Further, OfimG in Z-DNA is removed at -1 0 % of the rate of removal
from normal B-DNA (Boiteuax and Laval, 1985).

The OemG DNA MT can also

remove methyl groups from 0 6mG in tRNA in vitro (Karran, 1985). Prolonged
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incubation of the 0 6mG MT with free 0 6mG, in vitro, can inhibit the MT enzyme,
and the corresponding ribonucleoside is even more effective on a molar basis
(Yarosh, et al., 1986). 0 6-alkyl modifications with larger alkyl substituents are also
repaired by the 0 6mG MT enzyme, but less efficiently.

For example, O6-

ethylguanine is scavenged at a 100-fold lower rate than the methyl group (Lindahl,
et al., 1982) and this rate further decreases with increasing size of the substituent
(Lindahl, 1983; Todd and Schendel, 1983).
McCarthy, et al., (1983) observed that when crude extracts from MNNGadapted

E.coli

cells

were

incubated with

a

DNA

substrate

containing

methylphosphotriesters (MeP) as the major lesion, a polypeptide of 39 Kd was
recovered as the major labeled species, but only 50% of the methyl groups were
removed. Methylphosphotriesters can exist in either R or S configurations; tests
confirmed that only the S configuration was repaired, thereby explaining the above
observation (Weinfeld, et al., 1985). Other evidence (Demple, et al., 1982; Lindahl,
et al., 1982) indicated that the enzyme responsible for MeP repair was not the 19 Kd
OfimG MT but instead a protein of molecular weight equal to 39 Kd.

These

potentially conflicting results were resolved when it was found that the 19 Kd
polypeptide is actually the proteolytic product of the 39 Kd protein which occurs
during cell lysis, but not in vivo (Teo, et al., 1985).

The 39 Kd protein was

subsequently identified as the product of the ada gene by screening for MT activity
in bacteria transformed with E. coli genomic fragments carried on a plasmid vector
(Margison, et al. 1985). The MT activity from these cells was able to repair, in vitro,
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both 0 6mG and MeP in alkylated DNA; further, the higher molecular weight protein
(identified as a 37 Kd polypeptide) could undergo

host-dependant proteolytic

cleavage to produce an 18 Kd fragment that retained the OemG repair capacity. It
was later shown that the adaptive response is regulated by the ada gene (Demple,
et al., 1985). Further, methylation at the cys 69 residue (from MeP) in Ada results
in the transformation of the Ada repair protein into a transcriptional activator which
binds immediately upstream of the putative RNA polymerase binding site in the ada
promoter (Teo, et al., 1986). The Ada protein binding site is a region containing
dyad symmetry, with a consensus sequence of AAANNAAAGCGC; this sequence
does not occur in any other promoter in E. coli. DNasel protection experiments
have shown that a 20 Kd N-terminal domain of the Ada protein contains the
putative DNA binding region. Interestingly, this fragment alone is unable to induce
run-off transcription, suggesting that a local change in DNA conformation is not
sufficient for transcriptional activation. Larger N-terminal fragments comprising 8090% of the Ada protein are strong activators of expression, but lack the OfimG /
0 4mT repair site (LeMotte and Walker, 1985). Point mutations in the C-terminal
domain can reduce the efficiency of induction of the adaptive response (Demple,
1987).
The mode of action of the Ada protein to regulate the adaptive response
resembles that of the transcriptional activator cAMP-receptor protein, which
undergoes a conformational change on binding cAMP and subsequent binding to
promoters of catabolite-sensitive operons close to the RNA polymerase binding site
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(deCrombrugghe, et al., 1984). The difference between these two examples is that
Ada mediated activation of transcription occurs by a non-reversible covalent
modification of the Ada protein, whereas the cAMP-induced alteration is noncovalent and reversible. Further, the Ada protein, unlike cAMP-receptor protein,
has a monomeric structure and also does not contain a helix-turn-helix motif.
Although Ada protein possesses sufficient pairs of cys-his to form potential zinc
fingers, it is still uncertain whether it satisfies the necessary structural requirements
for this type of interaction with DNA (Blumberg, et al., 1987).

Hence Ada may

activate gene expression by a yet unknown mechanism.
The ada regulon consists of the ada gene, alkB, alkA, and aidB genes (Fig.
1). The alkB gene overlaps with the ada gene by one nucleotide between the 3’ end
of the ada gene and the 5’ end of the ada box sequence of the alkB promoter.
Further, methylated Ada protein can also activate two other unlinked genes, alkA
and aidB (Lindahl et al., 1988). The alkA gene encodes the 3-methyladenine DNA
glycosylase II enzyme which removes, not only N3mA, but in addition, also removes
N7mG, N3mG and N1mA (Karran, et. al., 1980; Thomas, et al., 1982). Since the
methylated Ada protein is not actively demethylated, the question arises as to how
the adaptive response is switched-off. One possibility is by dilution of the activator
during continued growth in the absence of alkylator. Another mechanism may utilize
the sensitivity of Ada to cleavage by endogenous protease (Teo, et al., 1984), since
as mentioned before, the N-terimnal 20 Kd fragment is unable to activate
transcription. Further, competition between the proteolytic product and the intact
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16

methylated Ada could enhance the down regulation. However, these proposals have
not been substantiated by any evidence of proteolytic cleavage of Ada in vivo.
Ethyl adducts are also repaired by the 19 Kd and the 39 Kd OemG DNA MT
proteins but with decreased efficiency. Hence ethylating agents are less effective
inducers of the adaptive response compared to methylating agents (Sedgwick and
Lindahl, 1982).
In addition to the inducible OfimG DNA MT, there exists in E. coli an adaindependent 0 6mG DNA MT activity. This protein was identified as an 18 Kd
polypeptide which scavenged a methyl group from OfimG but not from MeP
(Margison, et. al., 1985). The purified protein has a molecular weight of 19 Kd and
cross-reacts with antiserum directed toward the 19 Kd acfa-fragment. The protein
is encoded by the ogt gene, and has limited sequence homology to the C-terminal
half of the Ada protein (Potter, et al. 1987), but the active site between these two
proteins is similar in composition and position.

Further, the ogt encoded

methyltransferase is non-inducible by alkylating agents (Rebeck, et al., 1988).
Methyltransferase molecules have also been identified in other organisms.

For

example, S. typhimurium harbors a repair system that acts on OemG in DNA but is
non-inducible by MNNG (Guttenplan, 1982). M. luteus (Hadden et al., 1983) and
Bacillus subtilis (Marohoshi and Munakata, 1983, 1987) also exhibit an adaptive
response to alkylating agents. The proteins from M. lutues have been purified and
shown to carry out self-methylation, with one inducible protein (13 Kd) repairing
MeP, although the stereospecificity is not known. An OsmG repairing activity (31
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Kd) has also been purified to homogeneity and shows similarities to the E. coli
OemG MT enzyme. Hence, it seems that in bacteria multiple MT enzyme activities
are common, in which separate constitutive and inducible repair proteins for OemG
exist.
Eucaryotic cells, such as mammalian cells (Waldstein, et al. 1982), rat liver
(Pegg, et al.1983; Mehta, et al. 1983), fish cells (Nakatsura, et al. 1987) and
Drosophila melanogaster (Green and Deutsch, 1983) possess an activity that scavenges
0 6mG from alkylated DNA. The MT from mouse liver (Bogden, et al., 1981),
human lymphoblasts (Harris, et al., 1983) or human placenta (Yarosh, et al., 1984)
have been partially purified. Although homogeneous enzyme preparations were not
used, it was demonstrated that OfimG repair in these cells occurs by suicidal selfmethylation and that the MT employs one of its own cysteines as the methyl
acceptor group (Pegg, et al., 1983; Harris, et al., 1983). Human cells have 5-10 times
higher levels of the OfimG MT enzyme than rodent cells (Yagi et al., 1984). The
human OfimG MT has a molecular weight of 24 Kd and is unable to repair MeP
(Kataoka, et al., 1986; Harris, et al., 1983; Yarosh, et al., 1984). It is deactivated by
thiol-antagonists ZnCI2 or p-chloromercuribenzoate and protected by dithiothreitol
(Pegg, et al., 1983; Renard, et al., 1983). The human and rat enzymes exhibit a
strong preference for double-stranded DNA over single-stranded DNA and repair
methyl-adducts more efficiently than ethyl-adducts (Pegg, et al., 1983; Harris, et al.,
1983; Lindahl, et al., 1982).
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Interestingly, a number of mammalian cell lines transformed with DNA tumor
viruses do not express the OfimG MT activity (Mer' or mex'), and are very sensitive
to alkylating agents (Day, et al., 1980; Sklar and Strauss, 1981; Yarosh, et al., 1983).
The molecular basis for this phenotype is not known but is presumed to be due to
the switching-off of the MT gene.

The Mer' phenotype can be suppressed by

introducing the ada-alkB operon of E. coli into Mer' HeLa cells (Samson, et al.,
1986), wherein a high level of the 39 Kd 0 6mG MT protein was expressed. Further,
the deficiency of MT correlates with increased levels of mutation and sister
chromatid exchange (SCE), but does not correlate with increased killing; Mer' HeLa
cells are able to repair N3methylguanine and N3methyladenine just as efficiently as
M er+ cells (Samson and Linn, 1987).
Chinese hamster ovary (CHO) cells are similar to Mer' cell lines in that they
are sensitive to MNNG and do not express the OemG DNA MT protein (Robson
and Hickson, 1987). To determine whether 0 6mG is one of the lesions responsible
for SCE (Sister Chromatid Exchange) in mammalian cells, Chinese hamster V79
cells were transformed with the E. coli 0 6-alkylguanine alkyltransferase gene, which
encodes both the 0 6m G /0 4mT and MeP activity. These transformed cells show
an increased ability to reduce the level of SCE induction upon exposure to MNU,
as

opposed

to

untransformed

controls.

Exposure

to

MMS

(Methyl

methanesulphonate) only slightly lowered the SCE levels ( White, et al., 1986).
These results propose a role for the 0 6mG-lesion in SCE induction.
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Eucaiyotic cells also show the repair of 0 4mT in DNA in vivo (Shooter, et
al., 1977; Bodell, et al., 1979; Safhill and Fox, 1980; Singer, et al., 1981). However,
when extracts from human tumor strains A1235 (Mer'), human fibroblast strains
GM10 (Mer'), and GM11 (Mer'), and from Chinese hamster ovary were incubated
in vitro with [3H]MNU-treated poly(dT) annealed to poly(dA), O-alkylpyrimidines
were not repaired (Yarosh, et al., 1985). These and other observations have led to
the proposal that repair of O-alkylpyrimidines in eucaryotes occurs by a different
mechanism (Brent, et al., 1988).
Drosophila melanogaster, unlike other eucaryotes, is unique in its properties
with respect to base excision repair, as evidenced by the absence of a normally
ubiquitous uracil-DNA glycosylase activity (Deutsch and Spiering, 1982), and DNA
glycosylases directed toward alkylated DNA (Green and Deutsch, 1983). Recently,
evidence for a glycosylase activity against urea (oxidative damage) has been
presented (Breimer, 1986), indicating perhaps that base excision repair is not totally
absent in Drosophila. Even though Drosophila lack DNA glycosylases for the repair
of alkylated DNA, they nevertheless are capable of repairing a

multitude of

methylated-DNA adducts. For example, an activity in pupal crude extracts was
found to scavenge methyl groups from OfimG. In addition, N7mG and N3mA lesions
in MNU-treated calf thymus DNA also appear to be repaired in the absence of
significant amounts of N7mG or N3mG release in the ethanol-soluble fraction (Green
and Deutsch, 1983). These results suggest a broader specificity for the Drosophila
methyltransferase than for the other MTs previously characterized.

Attempts to
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purify the methyltransferase from pupae crude extracts have been unsuccessful
because of the extremely low quantity of the MT protein. Hence induction of the
MT protein by exposure of Drosophila larvae to an alkylating agent was attempted.
As mentioned earlier, E. coli possess DNA damage-inducible regulons, each of which
is inducible by a specific regulatory molecule, such as activated recA for the SOS
response, the OxyR gene product which is a positive regulator of the OxyR locus,
methylated-Ada protein for the adaptive response, and the htpR gene product,
sigma32, for the heat shock response. In contrast to procaryotes, evidence for the
presence of such a damage-inducible regulon in eucaryotes is lacking and it has been
suggested that eucaryotes may not possess such a regulon (Robinson, et al., 1986).
However, there is some evidence to suggest the inducibility of specific genes by
exposure to DNA damaging agents in S. cerevisiea and D. melanogaster (McClanahan
and McEntee, 1986; Vivino, et al., 1986).
The objective of the work presented here was to characterize the
methyltransferase protein(s) in terms of the number of proteins involved and their
substrate specificity. As a step toward purifying the methyltransferase protein(s), a
procedure to induce the MT protein was to be developed; one consequence of these
studies could be the uncovering of previously undetectable DNA glycosylase
activity(s) toward modified bases. Further, the induction of proteins common to a
diverse set of DNA-damaging agents may suggest the presence of a stress-inducible
regulon in Drosophila and probably other eucaryotes.

Materials and Methods

Pupae Growth and Collection:

Dead Yeast Media (DYM) was made according to previously published
procedures (Falk and Nash, 1974) and was supplemented with Streptomycin
Sulphate (0.025 gm), Penicillin G (25000 IU), and Propionic acid (1% v/v).
Media (100 ml) was then delivered into sterile bottles under environmentally
controlled conditions using a Laminar Flow hood. Drosophila melanogaster
(Oregon R) embryos with an average age of 4 hours were collected on corn mealagar plates, washed with 0.1% Triton X-100/ 0.7% NaCl, deionized water, rinsed
with 70% Ethanol, and then collected on a Nitex screen. Embryos were then
transfered to DYM and gently spread using a soft paint brush. The bottles were
incubated at 25°C in a Forma Incubator until the pupal stage was reached (190240 hours). Pupae were usually found on the vertical face of the media bottles
and were collected by spraying with water, gently dislodging them with a soft
paint brush and flotation in a separating funnel. The dislodged media sank to the
bottom of the funnel and was discarded, whereas the pupae floated. These pupae
were collected, washed with deionized water (dH20 ), and stored at -70° C in
Polyallomer tubes containing 50 mM Tris-HCl, pH7.5/ 2 mM ED TA / 5 mM
D T T / Aprotinin (0.6 TIU / ml buffer).
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Alkylation of DNA

Calf thymus DNA (Type I; Sigma Chemical Co., St. Louis, MO) or
Micrococcus lutues DNA (Sigma Chemical Co.) was dispersed in TE buffer(10
mM Tris-HCl, pH8.2/ 0.1 mM EDTA) to a final concentration of 2-3 mg/ml.
The residual proteins in the DNA were removed by phenol extraction, with an
equal volume of buffered-phenol. The mixture was gently shaken, and was
allowed to stand for 10 min and centrifuged at 4000 rpm at 4°C for 20 min. The
aqueous supernatant was made to 0.5 M NaCl, mixed well, and 2.5 v/v of ethanol
at -70°C was added. After mixing well, the DNA was precipitated at -70°C for 30
min and centrifuged. The DNA pellet was resuspended in TE buffer. [3H]-NMethyl N-Nitrosourea (MNU; 10 mCi/ml stock in ethanol; Amersham) was
added to the DNA solution to a final concentration of 0.2 mCi, and the final
concentration of Tris made up to 0.1 M, pH 8.2. This mixture was incubated at
37°C for approximately 12 hours. The DNA was precipitated by addition of LiCl
to a final concentration of 0.5 M and 2 volumes of ethanol. The mixture was
stored at -70°C overnight. The precipitated alkylated DNA was wound on a glass
rod and washed with water-saturated ether, dried briefly in vacuo and dispersed
in TE buffer. The alkylated DNA was dialyzed extensively against 50 mM TrisHCl, pH 8.2/ 1 mM EDTA followed by 10 mM Tris-HCl, pH 8.2/1 mM EDTA.
The above procedure usually resulted in 700-2300 cpm/ ug of DNA. The
concentration of individual base modifications were determined by treating the
alkylated DNA with mild acid (0.1 N HC1) and resolving the products using High
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Performance Liquid Chromatography (HPLC).

Methyltransferase Assay:

The principle of this assay involves the quantitative transfer of a [3H]methyl group from alkylated DNA to protein(s) moeity(s). The assay for
methyltransferase (MT) activity (Fig. 2) was essentially as descirbed by Demple,
et. al. (1983). The reaction mixture (0.120 - 0.240 ml) consisted of 50 mM TrisHCl, pH 8.2 (on occasion 20 mM Hepes-NaOH, pH 8.1 was substituted), 5 mM
DTT, 2 mM EDTA and 0.004 to 0.010 mg labeled, alkylated CT-DNA. Protein
(0.2 to 3 mg) was added to the reaction buffer and incubated at 37°C for 30 min.
Acetylated bovine serum albumin (AcBSA) was added in concentrations identical
to that for pupal proteins, and served as a control for "trapping" of radioactivity in
the protein pellet. Reactions were terminated by the addition of sodium acetate,
(pH 5.5) to 0.3M and 2.5 volumes of ethanol at -20°C. The contents were mixed
thoroughly and allowed to stand at -70°C for 3 to 4 hours, and then centrifuged
for 15 min at 11000 rpm at 4°C. The ethanol supernatant was divided into two
equal parts, one for determining radioactivity (A), and the other for analysis of
alkylated-base modifications by HPLC (B). The remaining protein-DNA pellet
was resuspended in 0.1 N HC1 (0.2 to 0.4 ml) and heated at 70°C for 40 min and
then cooled on ice. This treatment labilizes the major N-methylated and some
O-methylated lesions in the DNA substrate that remain after reaction with the
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MT protein. The mixture was then centrifuged, as above, and the HC1
supernatant was saved for HPLC analysis (D) and determination of radioactivity
(C); the remaining (mostly phosphotriesters) pellet was solubilized by the addition
of 0.1 M Tris-HCL, pH 8.2/ 5% SDS and heating at 70°C for 30 to 40 min. The
solubilized mixture was mixed with aqueous fluor (National Diagnostics) and
counted for radioactivity (E).

Extraction of Methyltransferase Protein(s) from Pupae:

Tubes containing Drosophila pupae were placed on ice and allowed to
slowly thaw. Storage buffer was then decanted and replaced with 2.5 volumes of
Homogenization buffer {50mM Tris-HCl, pH 8.2/ 20 mM D T T / 3 mM EDTA/
0.4M NaCl/ Aprotinin (0.6 TIU / ml buffer)/ 1 mM Phenylmethylsulfonylfluoride
(PMSF)}. Homogenization was carried out at approximately 4°C using a sterile
Dounce homogenizer, followed by sonication with two bursts for 30s each using a
Branson sonicator at a 4 amp setting. The sonicate was centrifuged in a
Beckman JA-20 rotor at 12000 rpm for 15 minutes at 4°C. The supernatant was
filtered twice through a sterile HD140 Nitex screen. The filtrate (Crude) was
stored on ice.
For partial purification of MT, ammonium sulfate (Enzyme grade;
Schwarz-Mann) was slowly added to the Crude to a final concentration of 50%
w/v. After stirring for 30 min at 4°C, the solution was centrifuged at 13000 rpm
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in a JA-20 rotor for 15 min at 4°C. The 50% supernatant was saved on ice. The
protein pellet was resuspended in 2 ml of buffered-40% ammonium sulfate
solution {20mM Tris-HCl, pH 8.2/ 10 mM D TT/ 3 mM ED TA / Aprotinin (0.6
TIU / ml buffer) / ammonium sulfate}, dispersed with a sterile pestle and stirred
for 30 min at 4°C. After centrifugation as above the 40% supernatant was
retained and stored at 4°C. Similar fractionation was done with 30%, 20%, and
10% buffered-ammonium sulfate solutions. The protein content of all these
fractions were estimated using the Bradford assay reagent.

High Performance Liquid Chromatography : Estimation of DNA Base
Modifications

A LDC-Milton Roy HPLC consisting of two pumps, a Cl 4000 integrator,
and a UV monitor, was used for the estimation of N- and O-alkylated base
modifications in the modified DNA substrate. Base modifications were resolved
using a Partisphere 10 SCX column (Whatman) employing a linear gradient from
0 - 9 min of Solution-I {0.02 M sodium acetate, pH 4.0 / 5% methanol} to
Solution-II {0.1 M sodium acetate, pH 4.0 / 30% methanol}, with subsequent
isocratic elution with Solution-II for an additional 5 min. Authentic modified
bases (Fluka) were used as markers.

A typical pattern for modified bases with

individual retention times is shown (Fig. 3).

Fractions (0.5 min) were collected

and mixed with aqueous scintillation fluor and radioactivity determined (counting
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efficiency of 40-50%). Using this separation procedure it was determined that
our technique for alkylating DNA typically resulted in 65-70% of radioactivity
associated with N7mG (N’methylGuanine), 8-9% with OsmG ( 0 6methylGuanine),
9-10% with N3mA (N3methylAdenine), ~2% with N3mG (N3methylGuanine), and
~1% with N1mA (N/methylAdenine).

Separation of Proteins after a Methyltransferase Reaction:
The crude extract from pupae, as well as the 50% and 30% ammonium
sulfate fractions were incubated with labeled, alkylated CT-DNA for 40 min at
37°C. Reaction mixtures were then subjected to SDS-PAGE (Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis) on a 12% gel, with molecular weight
standards run in the same gel. Electrophoresis was at 30 mA until the dye front
just reached the bottom of the gel. Individual sample lanes were cut into 2 mm
slices and placed into scintillation vials. The recovery of radioactivity associated
with the methyltransferase enzyme(s) was determined by emulsifying the gel slice
in a solution of Scintelene (Fisher) / 5% Protosol (New England Nuclear), and
heating the vial at 60°C for 18 hours. The vials were cooled overnight and
radioactivity determined. A profile of the radioactivity associated with each
sample, minus an AcBSA control, was drawn. A peak of radioactivity was
indicative of a putative MT protein, and its molecular weight estimated by
comparing the distance migrated in the gel with respect to known molecular
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weight standards.

Methyltransferase Assay on Proteins Bound to a Nitrocellulose Membrane :

The crude extract from pupae, a 50% ammonium sulfate fraction, and a
homogenous preparation of the E.coli MT 19 Kd protein (kindly provided by Dr.
Bruce Demple, Harvard University) were electrophoresed along with molecular
weight standards and AcBSA as control on a 5-15% Polyacrylamide gel
containing 0.1% SDS. After electrophoresis, the gel was soaked in 50 mM TrisHCl, pH 7.2/ 25% Isopropanol for 30 min to remove the SDS. The proteins
were transfered at 0.3 amps for 20 hours to two sheets of Nitrocellulose (NC)
membrane (Towbin, et al., 1979).

One of the NC sheets in contact with the gel

was placed in Renaturation Buffer (RB; 50 mM Tris-HCl, pH 8.2/ 5 mM DTT/
2 mM ED TA / Aprotinin (0.6 TIU / ml buffer)/ PMSF (0.001% v/v) / 4 M
Urea} for 30 min at room temperature with gentle shaking. The NC blot was
then removed and washed twice for 5 min with DNA Binding Buffer { DBB; 50
mM Tris-HCl,pH 8.2/ 10 mM D TT/ 2 mM ED TA/ Aprotinin (0.6 TIU / ml
sample)/ PMSF (0.001% v/v) }.

The blot was then incubated in DBB (200 ml)

containing labeled, alkylated CT-DNA (2 x 10s fmol [3H]-methyl groups) for 20
hours at 37°C with gentle shaking. This buffer was removed for reuse, and the
blot washed twice in DBB (100 ml) supplemented with 10 mM MgCl2 and
DNAasel (0.01 mg) and incubated for an additional 60 min at 37°C to digest the

30

DNA. This solution was discarded and the NC blot washed twice with DBB plus
0.5 M NaCl for 30 min at 30°C. The blot was air dried and each lane cut into 3
mm slices and counted for radioactivity. The second sheet of the NC blot was
stained with Ponceau S (4.5% in 1% Trichloroacetic acid) to visualize the
proteins. The molecular weight standards blotted on the membrane were used
for generating a standard curve for molecualr weight estimation.

Drosophila Ovaries Exposed to Alkylating & Other DNA-Damaging Agents:
Ovaries were removed from adult D. melanogaster females (Oregon R) and
placed in methionine-deficient Robb’s media (Robb, 1969). They were
subsequently transfered to Eppendorf tubes containing 0.03 ml of methioninedeficient Robb’s media containing various alkylating agents or other DNAdamaging agents. Alkylators such as N-methyl-N’-nitro N-nitrosoguanidine
(MNNG), Methyl MethaneSulphonate (MMS) and Ethyl MethaneSulphonate
(EMS) were originally used at different concentrations so that a maximal
response and minimal toxicity (monitored by Trypan Blue exclusion) could be
determined for the lowest possible concentration. A control sample received no
additions. Other DNA damaging agents employed were Sodium bisulfite, 4-Nitro
Quinoline-l-oxide, and hydrogen peroxide; heat shock was also evaluated. To
monitor the synthesis of new proteins, ovaries were incubated at 25°C for 6 hours
during which cellular proteins were labeled with 0.081 mCi of L-[35S]-methionine
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(New England Nuclear). After incubation for the desired period, the tubes were
transferred to ice and 0.5 ml of Sonication Buffer (SB; 20 mM Tris-HCl, pH7.5/
2 mM MgCl2) was added to the tubes and centrifuged for 15 min at 4°C to pellet
the ovaries. Ovaries were resuspended in 0.05 ml of SB and sonicated, on ice, for
30 s X 3 using a Branson sonicator with a microtip at a 3 amp setting. DNasel
(0.02 mg/ml) and RNaseA (0.1 mg/ml) were added to the sonicate and incubated
on ice for approximately 30 min. An aliquot (0.005 ml) was ordinarily removed
for estimation of L-[35S]-methionine incorporation. The remainder of the extract
was supplemented with O’Farrell lysis buffer (0.03 v/v) and urea added to a final
concentration of 9 M. These samples were then subjected to a Two-dimensional
gel electrophoresis (O’Farrell, 1975), with modifications described below.

Two-Dimensional Gel Electrophoresis :
Two-dimensional gel electrophoresis of ovarian extract was performed as
described by O’Farrell with modifications indicated below. The first dimension
Non-Equilibrium pH Gradient Electrophoresis (NEPHGE) was carried out in
tube gels (12 x 0.3 cm) using 4% acrylamide/ 2% NP-40/ 2% ampholines, pH 310 (Isodalt, Serva)/ 9.2 M urea. The tubes were prefocused for 1 hour at 200,
300 and 400 V with O’Farrell lysis buffer, using 0.02 M NaOH as anolyte and
0.02 M H3P 0 4 as catholyte. The lysis buffer was removed and replaced by
sample. The sample was overlayed with Overlay Mix (8 M urea/ 0.8% pH 5.7,
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0.2% pH 3-10 ampholines). The upper reservoir was filled with catholyte and
thelower reservoir with anolyte. Electrofocusing was carried at 450-550 V for a
total of 5000 V-hrs. pi standards ( Pharmacia; pi 3-10 range) were run in a
separate tube. The second dimension gel contained a resolving gel of 12%
Polyacrylamide -0.1% SDS and a 4% stacking gel, which had one large slot for
the sample tube gel and a smaller slot for molecular weight markers. The first
dimension gel was removed from the tube by reaming with a syringe and
immediately placed in the slot on the second dimension gel and sealed with a
buffered-agarose solution (1% agarose/ 0.06 M Tris-HCl, pH 6.5/ 5 mM D TT/
1.8% SDS/ 0.001% Bromophenol Blue). The gel was electrophoresed at 30 mA
per gel with molecular weight standards (Laemmli, 1970). Alternatively, the first
dimension gels were frozen at -20°C. After the dye-front reached the bottom of
the gel, the electrophoresis was stopped and the gels were stained with Coomassie
Brilliant Blue and destained as before. These gels were soaked in fluor (acetic
acid:methanol:2-methylnaphthalene; 67:28:5 gm) for 25 min with gentle shaking
followed by deionized water for exactly 20 min. The gels were dried on 3MM
Whatman paper and exposed to XAR or XRP film at room temperature for 1014 days.
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Induction of MT Activity in Third Instar Larvae of Drosophila melanogaster :
D. melanogaster embryos with an average age of 4 hrs were collected on
corn meal-agar trays and transfered to DYM as described previously for pupae
growth and collection. Embryos on DYM were allowed to develop at 25°C to
third instar larvae (180-190hrs). A sterile 30% sucrose solution was added to the
bottle, whereupon the larvae float to the surface and were collected. These
larvae were washed extensively with deionized water, and then placed in media
bottles (100 ml) containing a piece of sterile Whatman 3MM paper soaked in
Robb’s media (5 ml) containing either 0.6 pM or 6 pM MNNG. Non-treated
controls received 5 ml of Robb’s media. Incubation was usually for 6 hours at
25°C. The larvae were then collected and washed with deionized water and
stored at -70° C in 20 mM HEPES-NaOH, pH 8.1/ 2 mM ED TA / 5 mM DTT.

Extraction of MT Activity from MNNG-Exposed Third Instar Larvae :
Treated and non-treated larvae were thawed on ice and homogenized in
1.5 v/v of cold High Salt Homogenization Buffer (20 mM HEPES-NaOH, pH
8.1/ 10 mM D T T/ 4 mM ED TA / 0.4 M NaCl/ 0.005% CHAPS/ Aprotinin (0.6
TIU / ml buffer) / 0.01 mM PMSF/ 1 mM Leupeptin} in a sterile Dounce
homogenizer. The homogenate was centrifuged in a Beckman JA-20 rotor at
11000 rpm for 15 min at 4°C. The supernatant was filtered through a sterile
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HD 140 Nitex screen and the filtrate saved for assay of MT activity. The protein
concentration in these samples were estimated using the Bradford assay.

Methyltransferase Assay on MNNG-Exposed Larvae Extracts : Detection of End
Products of the reaction

Reaction mixtures (0.24 ml) contained 20 mM HEPES-NaOH, pH 8 .1 /5
mM D T T/ 2 mM ED TA / 5% glycerol, crude extracts (1.1 mg) and labeled,
alkylated CT-DNA (4000 fmol [3H]-methyl goups), and were incubated at 37°C
for 40 min. To determine that the radioactive methyl group had indeed been
transferred to a cysteine residue, the protein mixture was treated with Proteinase
K (0.1 mg) and Aminopeptidase M (0.01 mg) for 12-14 hours at 37°C to digest
the proteins to amino acids. The undigested protein was precipitated with 0.1 M
sodium acetate (pH 5.5) / 2.5 v/v ethanol at -70°C for 4 hrs. The ethanol
supernatant was evaporated to a final volume of 0.04 ml, and authentic Smethylcysteine and S-methylcysteine sulfone were added and the samples applied
to Whatman 3MM paper. The products were separated by descending
chromatography in propanol: deionised water (7:3) for 16 hours. The markers
were visualized by spraying with a ninhydrin solution (0.3 g in 100 ml n-butanol /
3 ml acetic acid). The spots in sample lanes which comigrated with authentic
markers were excised and eluted with deionized water for 12 hours, mixed with
aqueous fluor (National Diagnostics), and assayed for radioactivity.
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Computer Analysis of Protein Patterns on Two Dimensional SDS-PAGE :

Autoradiographs of 2D-gels for a particular DNA-damaging agent were
scanned and converted to a digitized image using a Bioimage (Kodak) 2D-Gel
Analyzer (Dr. B. Dunbar; Baylor College of Medicine). Parameters for the scan
were chosen such that the maximum number of spots were visible on the video
display of the scan. The scanning procedure took ~5 min per autoradiograph
and the digitized image was stored and analyzed by using special software and a
MicroVax system.
The software for 2D-gel analysis enables one to compare any two images.
The images for comparison are first brought up on the screen adjacent to each
other. Proteins which are at the same position between the gels used for
comparison are selected as ‘tie-points’. A transformation subroutine, provided in
the Bioimage software, was then carried out on the two images. This procedure
matched the images and corrected for minor variances between the two images.
This is essential since exact comparison is not readily achieved by overlap of the
two autoradiographs by visual manipulation. Identical regions between two
images could then be focused upon and compared.
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Immunodetection of Methyltransferase Protein(s) in MNNG-Exposed Larvae
Extracts :

Control, MNNG-exposed larvae extracts (0.5 mg) and homogeneous 19 Kd
MT protein from E. coli (0.0025 mg) were extracted with acetone (1 ml) at -20°C.
The precipitated proteins were resuspended in a solution (0.09 ml) containing 0.1
M sodium carbonate/ 0.1 M dithiothreitol by brief sonication. Laemmli sample
buffer was added and the sample was boiled for 4 min. These samples, along
with standard molecular weight markers, were electrophoresed at 250 V, on a 715% gradient polyacrylamide gel containing 0.1% SDS, until the dye-front just
reached the bottom of the gel. The gel was then soaked in 25% Isopropanol/
0.05 M Tris-HCl, pH 7.5 for 20 min and then placed on a Nitrocellulose (NC)
membrane sandwiched in an electroblotting cassette (BioRad). The proteins in
the gel were electroblotted on to the NC membrane at 0.3 amps for 3 hours. The
membrane was placed in blocking buffer (10 mM Tris-HCl, pH 8.2/ 0.15 M
NaCl/ 0.05% Tween-20/ 5% w/v Non-fat Powdered Milk) and gently shaken
overnight at 4°C. The NC membrane was then incubated with an antibody
against the E. coli 19 Kd MT protein (kindly provided by Dr. L. Samson, Harvard
School of Public Health), at a 1:2400 dilution for 30 min. The membrane was
then washed three times with TBST (blocking buffer minus milk powder). The
antigen : antibody complex was visualized by incubating with 1251-Protein A
(1x10® cpm). The membrane was washed four times with TBST, air-dried and
exposed to XAR (Kodak) film at -70°C for 4 days.

Results

Partial Fractionation of MT Activity(s) from Pupae Crude Extracts:

In an attempt to partially purify the methyltransferase activity present in
Drosophila pupae, crude extracts were originally fractionated with ammonium sulfate
and tested for activity (Table 1). Consistent with previous observations (Green and
Deutsch, 1983), very little material that would reflect glycosylase activity (2.5% to
11%) was released in the ethanol supernatant. Each of the fractions tested, however,
did contain an activity that repaired the major base modifications in alkylated DNA.
The 50% and 30% ammonium sulfate supernatants removed > 90% of the methyl
groups from OfimG, 55% to 60% of N7mG, and 19% of N3mA as compared to an
AcBSA control. It should be noted that while the counts in the protein pellet should
approximate that found for the total loss of base modifications (DNA repair), for
unknown reasons this was not the case for the crude extract. This could be due to
inaccuracies (quenching) occasionally observed for this assay. In any event, this
method for providing an estimate of DNA repair was usually inaccurate and less
reliable than the actual determination by HPLC.
Unfortunately, further attempts to purify the methyltransferase activity by
numerous chromatography media proved unsuccessful, and suggests that the
methyltransferase activity is particularly labile in partially purified fractions.
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E tO H S up

H C l H y d r o ly s a te
B a s e m o d ific a tio n s lo st,
fm o l

S am ple

R x. m ix [3H ]-m ethyl
fm ol

T o ta l
(3H l-m e th v l fm ol

Total S u p [3 H ]-m eth y l
fm ol

N ’ raG

a
0 6 mG

N3 mA

P ro te in P ellet b
f3H l-m eihvl fmol

Crude

3400

401

1980

620

100

40

70

50% Sup.

4720

119

2860

1316

215

39

1476

30% Sup.

4720

124

2769

1105

223

40

1271

Table 1.

P artial F ractionation o f M T A ctivity from D rosoph ila Pupae

Samples (crude, 2 mg; 50% and 30% supernatants, 0.22 mg) were incubated for 30 minutes at 37°C with
labeled, alkylated CT-DNA as indicated. B ase m odifications, remaining in the D N A substrate, were
released by acid hydrolysis and separated by HPLC. Recovery o f [3H] counts from HPLC ranged between
30-60% o f counts loaded onto the column.
a fm ol [3H]-methyl group in A cBSA control minus fmol [3H]-m ethyl groups in sample
b fmol [3H]-methyl group in a sample minus fmol [3H]-methvl group in A cB SA control
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Estimation of Molecular Weight and Number of Protein Moiety(s) :

The fact that the MT protein becomes covalently labeled with [3H] as a result
of its enzymatic activity (see later), offered a straightforward means for calculating
the molecular weight and number of proteins present in Drosophila for the removal
of methyl groups from alkylated DNA.

One technique for this purpose was a

variation of the Western Blot. In this case, the proteins were separated on a SDSPAGE and then transferred to a Nitrocellulose membrane. Proteins were renatured
and incubated with labeled-alkylated calf thymus DNA in assay buffer (Fig. 4).
Several peaks of radioactivity were seen, some of which are presumably DNA
binding proteins; the E. coli MT 19 Kd protein migrated as a 15 Kd protein in this
case. To more rigorously define the number of proteins and their molecular weights,
the reaction products generated by crude, 50% and 30% ammonium sulfate fractions
were resolved by SDS-PAGE and the radioactivity present in each gel slice
determined (Fig. 5). The crude extract contained two peaks of radioactive protein,
one at 30 Kd, and another at 19 Kd. The 50% ammonium sulfate fraction contained
only the 30 Kd protein while the 30% ammonium sulfate fraction, the

19 Kd

protein. Taken together, both the binding assay and the association of radioactivity
with polypeptides resolved by SDS-PAGE support the presence

of two

methyltransferases with molecular weights of roughly 30 Kd and 19 Kd. A protein
of approximately 70 Kd is also observed when the binding assay is employed.
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F i g u r e 4.

P r o t e i n s on a N i t r o c e l l u l o s e M e m b r a n e P r o b e d for M T A c t i vi t y

A 50% am m onium sulfate fraction (4 mg) and E. co li m ethyltransferase protein (0.001 mg; 19 Kd
fragm ent) w as electrop h oresed on a 5-15% gradient P olyacrylam id e gel con tain in g 0.1% SD S.
Proteins in the gel were transferred to a N C membrane and probed with labeled, alkylated C T-D N A (2
X 105 fm ol [3H ]-m ethyl groups) in 200 ml o f M T assay buffer. S lices (0.3 cm ) were cut and counted
for radioactivity. An A cB S A control has been subtracted from each data point. M olecular weights
were estim ated by comparison to standard M r marker proteins show n at the top o f the figure.
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F ig u re 5.

S ep a ra tio n o f P ro tein s after a M T A ssa y on S D S -P A G E :

Crude, 30% & 50% am m onium sulphate fractions (2 m g each) w ere incubated with alkylated
C T-D N A (3 1 0 0 fm ol (3H ]-m ethyl groups; 2.3 X 104 CPM) for 40 min at 37°C. A ssay mixtures were
then electrophoresed on a 12% Polyacrylam ide gel containing 0.1% SD S. An A cB S A control has
been subtracted from each data point. M olecular w eights were estim ated by comparison to standard
m olecular w eight markers show n at the top o f the figure.
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Induction of Proteins in Drosophila Ovaries by DNA-Damaging Agents :
Since attempts to purify the MT protein(s) from Drosophila pupal extracts
were unsuccessful, a system to induce the MT protein to higher levels was
investigated. We originally relied on a system that helped define the heat shock
response in Drosophila ovaries in which ovarian proteins were labeled, in vivo, with
L-[3sS]-methionine and characterized by two-dimensional gel electrophoresis (Palter,
et al., 1986). This represented an easily manipulable system that could be employed
for determining the minimum concentration of alkylating agent for the induction of
MT activity. Hence ovaries withdrawn from adult female Drosophila flies were
incubated in defined media with L-[3sS]-methionine and DNA damaging agent. The
labeled proteins were then extracted and subjected to two-dimensional gel
electrophoresis and autoradiography (Figs. 6 - 12).
Exposure of ovaries to the alkylating agent, MNNG, resulted in a reduction
of the number of proteins to -250, compared to a non-treated control sample
showing -5 0 0 proteins (Fig. 6). Ovaries exposed to 0.7 pM MNNG induced at least
six new proteins: II (67 Kd), 12 & 13 (70 Kd), 14 (30 Kd), 15 (26 Kd) and 16 (24 Kd)
with apparent pi’s of 7.2 (II), 5.6 (12-4), 3.6 (15-6).

At 0.03 pM MNNG the

induction of proteins is just beginning, as seen by the faintly visible II protein.
Further, the actin proteins (A2 and A3) seen in the control have completely
disappeared in the MNNG-exposed samples regardless of the concentration;
however, the tubulins (AIT and BIT) are still present, albeit at low levels.
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Figure 6 : Two-Dimensional Pattern of Proteins from Ovaries Exposed to MNNG
Ovaries were exposed to (A) none, (B) 0.03 pM, or (C) 0.07 pM MNNG and
the cellular proteins labeled with [ S]-methionine. Proteins induced by MNNG are
labeled (I), pi standards of 3.5 (A), 4.5 (B), 5.2 (C), 5.8 (D), 6.5 (E), 7.3 (F), and
8.1 (G) are shown at the top of the figure. Molecular weight standards are in Kd.

Figure 6

45
B C D
1 1 1

A

T

E

F

y

y

12 13
▼
▼

G

y

—66
45
— * 36

—

-2 9

iU 20
B
A

B CD

y

y

yy

E

y

F

y

f^ fc f

B

..
ajaaaitfK
—

— 66

( w
; l

.

"•

—

45

—

36

^29

15’ * t

! ti

#

*

*
A

— 20

16

t
Figure 6

46

Similarly, ovaries exposed to different concentrations of EMS, ranging from
0.005 pM to 0.3 pM showed the induction of the II protein at 0.005 pM EMS; 12,
13, or 14 proteins were not induced (Fig. 7). On the other hand, EMS appeared to
be less toxic to the cell since both actin and tubulin proteins are present in the EMSexposed samples, even at a concentration of 0.3 pM.
In E. coli, some of the proteins induced by exposure to sublethal levels of
hydrogen peroxide overlap with those induced during heat shock (Christman, et al.,
1985; Morgan, et al., 1986).

In view of these observations it was of particular

interest to determine if the proteins induced by MNNG show any similarity with
those induced during heat shock.
It is evident that the 70 Kd heat shock cognates (hscs) are produced in fairly
large amounts by a 15 min heat shock, with a concomitant reduction in the synthesis
of constitutively expressed proteins (Fig. 8). The small molecular weight family of
heat shock proteins (hsps) are induced maximally after 1 - 2 hrs of heat shock.
Comparison of the pattern of proteins using the Bioimage 2D-Gel Analyzer showed
that the MNNG-induced proteins at 70 Kd overlap with the hsp70 proteins. Further,
the 15 and 16 proteins in the MNNG sample overlap with the 29 Kd and 24 Kd heat
shock.
No overlap between MNNG-treatment and heat shock was evident for the 14
protein. The above analysis was extended, using other DNA-damaging agents, to
determine the possible overlap of the proteins induced by alkylating agents.
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Figure 7 : Two-Dimensional Pattern of Proteins from Ovaries Exposed to EMS

Ovaries were exposed to (A) none, (B) 0.005 pM, (C) 0.01 pM, (D) 0.03 pM,
(E) 0.1 pM, (F) 0.3 pM EMS, and cellular proteins labeled with [35S]-methionine.
The proteins induced by EMS are labeled as (I), pi and molecular weight standards
are as indicated in Figure 6.
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Figure 8 : Two-Dimensional Pattern of Proteins from Ovaries Exposed to Heat
Shock

Ovaries were heat shocked for (A) 15 min, (B) 30 min, (C) 60 min, or (D)
120 min and cellular proteins labeled with [3sS]-methionine. Proteins induced by
heat shock are identified as 11-6. pi and molecular weight standards are as indicated
in Figure 6.
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For hydrogen peroxide (oxidative damage) ranging from 40 uM to 120 uM,
the 13 protein was induced at 90 uM and then started to decline at 120 uM (Fig. 9).
These samples also do not show the presence of actin or beta-tubulin proteins.
Further, the small molecular weight heat shock proteins at 23 Kd, and 21 Kd are
made in increased amounts as compared to the control. Hence it appears that
hydrogen peroxide treatment induces the small molecular weight hsps as part of
a stress response.
Ovaries were also exposed to sodium bisulfite, which causes deamination of
cytosine to uracil in DNA.

Exposure to 20 uM sodium bisulfite results in the

induction of a new protein at 55 Kd and in a pi range of 7.3 to 8.1 not seen for
other treatments (Fig. 10). This protein is much more highly induced at 40 uM
sodium bisulfite, but disappears at a concentration of 60 uM. In addition, II, 12, and
13 proteins are induced at 40 uM, remain unchanged at 60 uM, and disappear at 90
uM bisulfite. Further, sodium bisulfite does not seem to induce any of the small
molecular weight heat shock proteins; in this respect it is quite similar to EMS.
Exposure of ovaries to 4-NQO, which is a UV-mimetic, results in the
induction of II protein at 1.3 pM, with increased induction at 5.2 pM. At 7.2 pM,
II is not seen; in addition there is a decrease in the amount of proteins synthesized,
suggesting that higher concentrations are toxic to the cell (Fig. 11).
Differences in the protein pattern between various DNA damaging agents
were analyzed using the capability of the 2D-software to focus on specific areas
within any two 2D-patterns which were to be compared (Fig. 12).
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Figure 9 : Two-Dimensional Pattern of Proteins from Ovaries Exposed to Hydrogen
Peroxide
Ovaries were exposed to (A) none, (B) 40 uM, (C) 60 uM, (D) 90 uM, or (E) 120
uM hydrogen peroxide and cellular proteins labeled with [ S]-methionine. Proteins
induced by hydrogen peroxide are identified as (I), pi and molecular weight
standards are as indicated in Figure 6.
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Figure 10 : Two-Dimensional Pattern of Proteins from Ovaries Exposed to Sodium
Bisulfite
Ovaries were exposed to (A) none, (B) 20 uM, (C) 40 uM, (D) 60 uM, or (E)
90 uM sodium bisulfite and cellular proteins labeled with [3sS]-methionine. Proteins
induced by sodium bisulfite are identified as (I), p i and molecular weight standards
are as indicated in Figure 6.
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Figure 11 : Two-Dimensional Pattern of Proteins from Ovaries Exposed to 4-NQO

Ovaries were exposed to (A) none, (B) 1.3 pM, (C) 5.2 pM, or (D) 7.3 pM
4-NQO and cellular proteins labeled with [35S]-methionine. Proteins induced by 4NQO are identified as (I), pi and molecular weight standards are as indicated in
Figure 6.
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Figure 12 : Comparison of Specific Areas in 2D-Patterns of Ovaries Exposed to
Damaging Agents

Specific areas of the 2D-pattern of ovaries exposed to (A) MNNG, 0.03 pM
& 0.07 pM, (B) MNNG (0.07 pM) & heat shock (120 min), (C) MNNG (0.07 pM)
& hydrogen peroxide (90 uM), (D) 4-NQO (5.2 pM) & MNNG (0.07 pM), and (E,
F) 4-NQO (5.2 pM) & sodium bisulfite (60 uM) were isolated using the Bioimage
2D-Analysis software, pi standards are E (6.5), and F (7.3) and molecular weight
standards are as indicated.
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As indicated before, II, 12, and 13 proteins in the 0.07 pM MNNG-exposed
sample overlap with the hsp70 family of proteins; similarly, the 13 protein induced
by hydrogen peroxide overlaps with that induced by 0.07 pM MNNG. In contrast
to this, 4-NQO at 5.2 pM induced the II protein, that overlaps with that in the 0.07
pM MNNG-exposed sample.
The similarities or differences are not restricted to the 70 Kd region of the
2D-pattern, but are also found in other areas. For example, 3 proteins between 24 20 Kd / pi range of 6.5 - 7.0, are absent in the 4-NQO (5.2 pM) sample compared
with sodium bisulfite (60 uM); further, 3 proteins between 58 - 40 Kd are absent in
these samples (for comparison, see Table 2).
It therefore appears that exposure of ovaries to DNA damaging agents results
in the induction of new proteins with a concomitant decrease in the number of
constitutively expressed proteins. Further, the overlap of some of the proteins
between the various DNA damaging agents and heat shock suggest that the inducible
genes are regulated by a common mechanism.

Induction and Characterization of End Products of the MT Reaction :

In order to demonstrate that a MT activity is being induced among the
proteins identified above for alkylating agents, and that the methyl group is indeed
being transferred to a protein moiety and results in the formation of Smethylcysteine, a MT assay was carried out using the crude extracts of control, 0.6
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Damaging Agent

Induced Proteins
II

MNNG

.

12
+

EMS

+

Sod. Bisulfite

+

+

+

+

+

Ilyd. Peroxide
4-NQO

+

Heat Shock

+

13

+

14
+

15
+

16
+

+

+

+

+

+

+

Table 2: Comparison of Proteins Induced by DNA-Dninaging
Agents
Protein(s) induced by a DNA damaging agent or stress were identified by 2D-geI
electrophoresis and analyzed by a 2D-Gel Analyzer (Bioimage; Kodak). Induced
proteins are numbered as indicated in Figs.5-10. A + symbol indicates the
presence o f induced protein for that particular damaging agent.
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pM, and 6.0 pM MNNG-exposed larvae (Table 3). The concentrations chosen were
derived from the 2D-data wherein maximum induction of new proteins was observed.
This value was then increased 10 fold for exposure to the whole organism. The
methyl group was indeed found to be transferred from the modified base to the
cysteine residue. Extracts of larvae exposed to 0.6 pM MNNG showed an increase
in the amount of S-methylcysteine formed, whereas extracts of larvae exposed to 6.0
pM MNNG showed MT activity similar to that seen in the control sample.

Cross-Reactivity of Proteins From MNNG-Exposed Samples with an E. coli MT
Antibody :
Another way of exploring the apparent 'nduction of the Drosophila
methyltransferase by MNNG treatment took advantage of an antibody originally
generated against the E. coli 19 Kd MT protein.

Interestingly, this polyclonal

antibody recognized two Drosophila proteins with molecular weights of 30 Kd and
17 Kd (Fig. 13), thereby confirming the molecular weight estimates obtained by SDSPAGE analysis of a MT reaction. Densitometric analysis of the autoradiograph
failed to show an increased signal with both the 30 Kd and 17 Kd proteins, primarily
due to a poor signal to noise ratio.
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Sample

fmol S-[3H]-methylcysteine +
S-[3H]-methylcysteine sulfone

Control

356

0.6 pM

524

6.0 pM

350

Table 3 : Quantitation of End Product in a MT Reaction for MNNG-expOsed
Samples
MNNG-exposed samples (1.1 mg) were incubated with labeled, alkylated CTDNA (4000 fmol [3H]-methyl group) for 40 min at 37°C. Protein in reactions were
digested with proteases and the mixture precipitated with sodium acetate / ethanol.
Authentic markers for S-methylcysteine and the sulfone derivative were added to the
ethanol supernatants and chromatographed using propanol:dH20 . Markers were
visualized with ninhydrin and radioactivity eluted and counted using aqueous fluor.
An AcBSA control was subtracted from each sample.
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C ontrol

0.6 p M

6.0pM

E.coli

MT

Figure 13 : Autoradiograph of Western Blot

MNNG-exposed third instar larvae extracts, a non-treated control (0.5 rag)
and E. coli 19 Kd MT protein (2 ug) were processed, electrophoresed, and
transferred to a Nitrocellulose (NC) membrane as described in Materials and
Methods. The NC membrane was then probed with an antibody directed against the
19 Kd MT protein from E. coli. The antigen:antibody complex was located using
125I-Protein A (1 x 108 cpm) and subsequent autoradiography. Molecular weights of
proteins are in Kd.

Discussion

The DNA methyltransferase activity originally found in crude extracts from
Drosophila pupae (Green and Deutsch, 1983) has been further characterized in this
study.
As a means toward partially purifying the MT protein(s), crude extracts were
subjected to ammonium sulfate fractionation.

MT activity was enriched

approximately 15-fold in both the 50% and 30% ammonium sulfate supernatants.
As mentioned previously, a glycosylase activity directed toward any of the major base
modifications was not observed (Table 1). Two proteins, with molecular weights of
30 Kd and 19 Kd, were identified in pupal crude extracts by SDS-PAGE of a MT
reaction mixture; the two proteins could be differentially precipitated by ammonium
sulfate, the 30 Kd protein appearing in the 50% ammonium sulfate supernatant, and
the 19 Kd protein being present in the 30% supernatant (Fig. 5). The molecular
weights of these proteins are quite similar to that found for the E. coli MT proteins,
which are 39 Kd and 19 Kd. The significance of this observation is discussed later.
Since further purification of these proteins was unsuccessful, an approach
similar to that taken for the E. coli enzyme was undertaken in which an attempt to
induce the MT activity by exposure to sublethal concentrations of alkylating agents
was made.
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Exposure of Drosophila ovaries to different concentrations of MNNG resulted
in the induction of new proteins, which provided a range of non-toxic concentrations
that could be used for induction of MT activity. Thus exposure of Drosophila larvae
to a comparable level of MNNG resulted in the induction of MT activity, as shown
by the 1.5 fold increase in formation of S-methylcysteine in the 0.6 pM MNNGexposed sample over the control. This response was similar to that seen in E. coli,
except that the latter induce the MT activity by lO^fold.
Crude extracts from larvae exposed to MNNG and a non-treated control show
cross reacting material at 30 Kd and 17 Kd when incubated with the antibody to the
E. coli 19 Kd MT protein (Fig. 13). Perhaps analogous to the case in E. coli, the 30
Kd protein may be a regulator for alkylation repair in Drosophila; alternatively, the
30 Kd protein may simply be a protein with a different substrate specificity. An
attempt to define the substrate specificity of these individual proteins using alkylated
DNA containing a single lesion was unsuccessful. Alternatively, a 50% ammonium
sulfate fraction from Drosophila pupae carries out repair of OfimG from a substrate
containing OfimG as the most abundant modified base. Although both procaryotic
& eucaryotic MT enzymes, including that from Drosophila, possess the ability to
scavenge 0 6mG by transfer to a cysteine residue in the MT protein, the Drosophila
protein is unique since it scavenges N7mG and N3mG, in addition to OfimG; this may
result from subtle differences in the mechanism of recognition of the base
modifications between other MT enzymes and that in Drosophila. Nevertheless, it
appears that the methyltransferase enzymes have been highly conserved antigenically.
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It was anticipated that one consequence of the exposure of organisms to
alkylating agents may uncover previously undetectable DNA glycosylase activity(s)
toward other base modifications. However, no such activity was seen against the
minor modificatons, N1mA or N3mG.
Exposure of ovaries to MNNG resulted in the induction of new proteins, II,
12, 13, 14, 15, and 16. Proteins 11-3 and 15-6, overlap with hsp 70 and the small
molecular weight family of heat shock proteins, respectively. This suggested that
heat shock proteins (hsps) are induced as part of a stress response to alkylating
agents and occurs in addition to other proteins that are specifically induced by
alkylating agents, such as the 14 protein.
Exposure to other DNA-damaging agents, such as hydrogen peroxide
(oxidative damage), sodium bisulfite (deaminating agent), and 4-NQO (UV-mimetic)
show a similar response characterized by a decrease in the number of proteins
synthesized and by the induction of new proteins, some of which overlap with the
hsp70 proteins. Thus it appears that there is overlap between the response of
different damaging agents and between DNA-damaging agents and heat shock.
These observations are similar to that for the adaptation of S. typhimurium
to hydrogen peroxide, wherein the induction of three hsps occurs in addition to
proteins, such as catalase and superoxide dismutase (Christman, et al., 1985; Morgan,
et al., 1986) that protect the cell against oxidative damage.
An interesting observation concerns the marked difference in concentration
of the damaging agents required to induce new proteins. Alkylating agents, such as
EMS and MNNG, induce proteins at 0.005 - 0.07 pM; sodium bisulfite, however,
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induces proteins in the 40-60 uM range, which is 106 times higher than that used
for alkylating agents. An approximately 100-fold higher concentration of 4-NQO is
required to induce new proteins as compared to the MNNG samples.

These

observations may reflect the inherent differences in the molecular nature of the
damaging agents, or the differences in the generation of a signal required for
inducing new proteins. Alternatively, the transport of the damaging agents may be
different which may account for the differences in concentrations seen.
Thus each damaging agent induces its characteristic group of proteins and
also results in the induction of other proteins that overlap with other damaging
agents. The genes encoding these proteins probably contain regulatory sequences
which are influenced by diverse mechanisms. In other words, a group of genes
encoding activities to protect the cell from damage are part of a regulon, which is
induced by stress or DNA-damaging agents; for example, the SOS, OxyR, and Ada
regulons are induced by a single unique positive regulator. Since Drosophila also
shows a similar response to DNA damaging agents, it is likely that this organism
harbors a regulon inducible by DNA-damaging agents.
From the data obtained in this study it is evident that D. melanogaster
possesses two methyltransferase proteins of 30 Kd and 19 Kd, which scavenge the
methyl group from all the major base modifications in alkylated DNA in vitro.
The end product of the MT reaction is shown to be S-methylcysteine, which is the
same as in the case of the E. coli MT enzyme. Further, the MT pro* ins cross react
with antibody generated toward the E. coli 19 Kd MT protein, indicating the
conservation of these proteins or antigenic sites through evolution.
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